INTRODUCTION
Cholesteryl ester transfer protein (CETP) mediates the net transfer of cholesteryl esters (CEs) from atheroprotective high-density lipoprotein (HDL) to atherogenic low-density lipoprotein (LDL) and very-low-density lipoprotein (VLDL) with the reciprocal transfer of triglycerides. 1 Low levels of HDL cholesterol (good cholesterol) and elevated levels of LDL cholesterol (bad cholesterol) in plasma are two strong risk factors for coronary heart disease. 2,3 Inhibition of CETP effectively raises HDL cholesterol levels and reduces LDL cholesterol levels in humans. 4,5 Therefore, CETP is considered a promising drug-design target for the prevention and treatment of coronary heart disease. 6, 7 CETP is a $53 kDa (before post-translational modification) plasma glycoprotein containing 476 amino acids. 8 X-ray crystallography has provided an atomic resolution structure of CETP (PDB entry 2OBD). 9 The crystal structure reveals a banana shaped conformation composed of N-and C-terminal b-barrels, a central b-sheet between the two b-barrels, and an amphiphilic helix ''X'' (Glu465-Ser476) at the C-terminus (see Fig. 1 ). A $60 Å long hydrophobic cavity traverses the core of CETP. This cavity is filled by two CEs while two openings nearby the central b-sheet domain are each plugged by a phospho-lipid. A more detailed description of the crystal structure is available in Ref. 9 .
Three hypotheses have been proposed for the mechanism of CETP-mediated neutral lipid transfer: (1) a shuttle mechanism in which CETP acts as a carrier transporting neutral lipids between donor and acceptor lipoproteins 10 ; (2) a ternary complex mechanism in which CETP bridges two lipoproteins to form a transient ternary complex, with neutral lipids flowing from the donor to acceptor lipoprotein through the CETP molecule 11 ; and (3) a modified ternary complex mechanism involving a CETP dimer. 12 Based on the analysis of CETP crystal structure, the concave surface of CETP was proposed to bind lipoprotein for neutral lipid transfer. 9 Accordingly, CETP can bind only one lipoprotein at a time, 9 supporting the shuttle mechanism. While recent transmission electron microscopy (TEM) studies revealed that CETP bridges HDL to LDL or VLDL to form ternary complexes, with its distal N-terminal b-barrel domain penetrating into CE core of HDL and the C-terminal b-barrel domain interacting with LDL or VLDL. 13 Further studies demonstrated that internal cavities exist in the crystal structure of CETP. 13,14 These results strongly suggested a tunnel mechanism for neutral lipid transfer, in which the cavities of CETP connect and form a continuous tunnel that mediates the lipid transfer between bound lipoproteins. 13 The flexibility of the distal portions of b-barrel domains was suggested to facilitate the required conformational changes for the formation of continuous tunnel. 13 However, in the crystallographic analysis, the distal end of N-terminal b-barrel domain shows only little flexibility. 9 The crystal structure of CETP represents a static picture of CETP under crystallization conditions. The neutral lipid transfer, however, is a dynamic process under physiological conditions. Further studies of CETP structural features are required to fully elucidate the molecular mechanism of CETP-mediated lipid transfer. In particular, to predict the potential conformational changes of CETP for lipid transfer, a comprehensive knowledge of its structural flexibility is needed. To obtain a clearer understanding of the lipid transfer mechanism, especially the potential tunnel mechanism, we have to clarify whether the internal cavities in the crystallographic structure are real or merely an artifact of crystallization conditions, and explore the interactions between CETP and lipoproteins. These questions call for investigations of internal cavities and surface features of CETP.
In this article, we performed all-atom molecular dynamics (MD) simulations to explore the structural features of CETP. Modeling focused on: structural flexibility, internal cavities, and surface hydrophobicity which are all closely related to lipid transfer function. Our simulation results provide clues for elucidating the mechanism of CETP-mediated lipid transfer.
MATERIALS AND METHODS

Preparation of simulation system
Initial coordinates of the protein with its bound CEs and phospholipids were taken from the crystal structure of CETP (PDB entry 2OBD). 9 Missing hydrogen atoms were added using the AutoPSF module of VMD. 15 This protein was then solvated in a cubic box of 27,662 TIP3P water molecules extending at least 15 Å from the protein-ligand complex. To neutralize the system and achieve a physiological salt concentration of 0.15 M, 86 Na 1 and 71 Cl 2 ions were added to the water box. The resulting system consisted of $91,000 atoms (Fig. 1) .
MD simulations
All simulations were performed with the NAMD2 program. 16 The CHARMM27 force field 17,18 with f, w cross-term map (CMAP) correction 19 was used for the protein and ions, together with the TIP3P model for water. 20 The force field for CE and phospholipid was constructed from the CHARMM27 force field and from the literature. 21 The water and ions were first energy minimized and equilibrated for 0.4 ns with the protein and four lipid molecules fixed. Next, the whole system was energy minimized with the protein backbone atoms constrained (force constant of 5 kcal/mol/Å 2 ). The system was then heated from 0 K to 310 K over 62 ps simulation. Finally, 8.5 ns MD simulation was performed in the NPT ensemble (constant number of atoms, pressure, and temperature) with the constraints on backbone atoms gradually removed during the first 0.5 ns NPT simulation. To mimic physiological conditions, the temperature was kept at 310 K by using Langevin dynamics 22 with a damping coefficient of 5 ps
21
. And the pressure was maintained at 1 atm using the Langevin piston Nose-Hoover method, 23 with a piston period of 100 fs and a decay time of 50 fs. Periodic boundary conditions and a cutoff distance of 12 Å for van der Waals interactions were applied. The Particle-Mesh Ewald method 24 (grid spacing < 1 Å ) was used to compute the long-range electrostatic interactions. Three replica simulations (labeled as MD1-MD3) were carried out with different random number generator seeds to improve sampling and collect more data. The atomic coordinates were saved every 5 ps for the analysis.
Analysis
All the structures from MD simulations were superimposed onto the initial structure using a least-square fit. The root mean-square deviation (RMSD) of the protein backbone atoms from the initial coordinates was used as a measure of structural differences. The solvent-accessible surface area (SASA) was calculated with a 1.4 Å probe radius. A grid size of 0.25 Å was used to measure the volume of the protein. The gyration radius of protein backbone atoms was also calculated. The root meansquare fluctuation (RMSF) of C a atoms relative to the average structure over the last 5 ns simulations was calculated as an indicator of structural flexibility. For the analysis of salt bridges, an oxygen-nitrogen distance cutoff of 3.5 Å between charged residue side chains was employed. All the above analyses were performed with VMD.
Normal mode analysis (NMA) was performed on the crystal structure and the average structure of CETP derived from the MD simulations to determine their theoretical B-factors (temperature factors). The online server (http://ignmtest.ccbb.pitt.edu/cgi-bin/anm/anm1.cgi) was used for the NMA. 25 An 18 Å distance cutoff and a distance weight of 2.5 were used for interactions between C a atoms.
The program Fpocket 26 was employed to identify and characterize the volumes and existence probabilities of pockets in CETP. The minimum radius of alpha sphere was set to 3 Å . Pockets containing less than 15 alpha spheres were discarded to filter off too small pockets. About 50,000 Monte-Carlo iterations were performed for the crystal structure and each snapshot of the MD trajectories to accurately measure the volume of the pockets.
Data are presented as mean AE standard deviation calculated from the three replicate simulations. All structural figures were generated with Chimera. 27
RESULTS
The equilibrium structure of CETP The CETP equilibration in the three 8.5 ns NPT simulations was verified by monitoring the time evolution of structural parameters (Fig. 2) . The RMSD of backbone atoms with respect to the initial structure rapidly increased and leveled off at $1.55 Å after 2 ns. The volume of CETP rose to 59.3 AE 0.1 nm 3 during the first 1 ns of the simulation and then remained stable. Similarly, the SASA of CETP converged at 238.5 AE 3.3 nm 2 after an initial increase. Although the gyration radius of backbone atoms fluctuated during the MD simulations, it increased for all three simulations while the average gyration radius converged after 1 ns. Therefore, the first 3.5 ns of each simulation was considered an equilibration period while the data from the last 5 ns was used for primary analysis. The RMSD and the gyration radius of backbone atoms, and protein SASA and volume, each has the same trend over the three replicate simulations (Fig. 2) , confirming the consistency of individual simulations.
The average structure of CETP (Fig. 3) obtained from the MD simulations shows no global conformational changes compared to the initial structure ( Fig. 1) , as evidenced by the low RMSD of backbone atoms. To access the individual residue displacements, the per-residue Figure 2 Time evolution of CETP structural parameters over the three NPT simulations. RMSD: the RMSD of backbone atoms with respect to the crystal structure; V: the volume of CETP; S: the SASA of CETP; R g : the gyration radius of backbone atoms. Note the average value (Avg.) of each structural parameter in the three simulations converges within 2 ns. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Structural Models of CETP in Solution RMSD of backbone atoms of average structure relative to the initial structure is shown in Figure 3 , in which the residues with the largest RMSD are colored red. The central domain of the protein appears stable, as most residues deviate little from their initial positions. The residues with backbone RMSD greater than 1.16 Å ($20% of total residues) are mainly at the N-terminus, the distal portions of N-and C-terminal b-barrel domains, the central linker (Asp240-Arg259) nearby the central b-sheet, and the C-terminuses of helices A, B 0 and X. These results demonstrate large conformational changes in these regions during the simulations.
A few key residues displayed a high degree of conformational change are shown in Figure 3 
Structural flexibility
Structural flexibility is essential for protein biological functions 28,29 and can allow the conformational changes of CETP. The RMSF of C a atoms during the simulations were used to characterize the structural flexibility of CETP. For convenient comparison, the experimental B-factors obtained from the crystal structure 9 and the theoretical B-factors from NMA were all converted to RMSF value by using Debye-Waller formula (RMSF 5  (3B/8p 2 ) 1/2 ). In this study, the top 20% of residues with the highest C a RMSF are considered flexible.
The distal portion of C-terminal b-barrel domain was flexible during the simulations, which agrees with crystallographic studies. 9 For the C-terminal domain, the flexible residues in our simulations are mainly within residues Asp240-Leu254 (in the central linker), Asp290-Gln318 (in the flap X1), Pro351-Ser358 (in the flap X2), Lys392-Ser404 (labeled as flap X3), and Glu465-Ser476 (the helix X) (Fig. 4 ). All these regions show elevated experimental RMSF [ Fig. 4(A) ]. Notably, the residues Ser439-Asp442 at the C-terminus of helix B 0 are flexible in crystal and exhibited large C a RMSF (top 30%) in our simulations, indicating that they are still relatively flexible in solution.
Although the distal portion of N-terminal b-barrel domain shows little mobility in crystal, it is highly flexible in solution. As shown by the crystallographic study, only four (Glu46-Ala48, Met50) of the flexible residues are located at the distal end of N-terminal b-barrel domain. 9 Contrarily, in our simulations nearly one-third of the flexible residues are located here, namely Glu46-Val55 (labeled as flap X4), Gly100-Gln111 (labeled as flap X5), and Phe155-Trp162 (labeled as flap X6) [ Fig.  4(B) ]. The high flexibility of this end agrees well with the NMA of the crystal structure [ Fig. 4(A) ]. These results suggest that the distal end of N-terminal b-barrel domain is intrinsically flexible but becomes rigid in the crystal packing environment.
Helix X showed less flexibility in solution than in crystal. Having the highest experimental RMSF among other domains, helix X showed less fluctuation during the simulations than other mobile segments (such as the flaps X1-X6) [ Fig. 4(A) ]. The reduced mobility of helix X is further confirmed by the comparison of theoretical B-factors. The theoretical B-factors of equilibrium structure obtained from the simulations are nearly the same as theoretical B-factors of the crystal structure aside from a significant decrease at the C-terminus (Supporting Information Fig. S1 ).
During the simulations all flexible domains underwent large conformational changes, suggesting that structural flexibility contributes to conformational changes of CETP. It is noteworthy that the C-terminus of helix A shifted away from the central cavity but was little flexible during the simulations. The likely cause for this phenomenon will be discussed in the following section.
During the simulations CEs and acyl tails of phospholipids generally maintained their initial conformations. The head groups of phospholipids fluctuated significantly more than the acyl tails and were more exposed to the aqueous solution. Notably, the head group of N-terminal phospholipid moved away from and lost its interaction with the C-cap dipole of helix B 0 . 9 Contrarily, the head group of C-terminal phospholipid shifted toward Arg282 forming a salt bridge between them stabilizing the resulting conformation.
Role of salt bridges in the stability of CETP Salt bridges play important roles in many aspects of protein structure and function, such as stability, domain motions, and flexibility. [30] [31] [32] In this study, salt bridges with occupancies more than 50% during the last 5 ns of the simulations were considered stable salt bridges. All salt bridges in the crystal structure except Asp447-Arg259 and Asp244-Lys233 were maintained during MD simulations (Supporting Information Table S1 ). Additionally, another three salt bridges (Asp118-Lys149, Asp214-Lys233 and Glu465-Lys29) formed and were rather stable with occupancies of 86.3%, 69.6%, and 74.1%, respectively.
Although charged residues are generally evenly distributed on CETP, the stable salt bridges are distributed rather unevenly, residing mainly in the central domain of protein [ Fig. 5(A) ]. Twelve of the 16 stable salt bridges are located in the central domain of CETP. There are three salt bridges in the distal half of C-terminal b-barrel domain, namely Glu291-Arg424, Asp366-Lys392, and Glu420-Arg424. The salt bridge Asp118-Lys149 formed during our simulations is the only salt bridge in the distal half of N-terminal b-barrel domain.
The central domain of CETP, where salt bridges are mainly located, underwent few conformational changes during MD simulations and was more rigid than the distal portions of b-barrel domains. This relationship between salt bridges and structural flexibility is further illustrated Structural Models of CETP in Solution in Figure 5(B) , in which nearly all flexible regions lack salt bridges. These results suggest that salt bridges expectedly contribute to the stability of the CETP central domain. In particular, the electrostatic interactions between the deprotonated (negatively charged) C-terminus (Ser476) and positively charged Arg37 should be a direct cause for the observed shift of C-terminus in helix X toward helix A [ Fig. 5(C) ]. Moreover, the electrostatic interactions between the C-terminus and Arg37, together with the salt bridge Glu465-Lys29 formed during the simulation, can anchor helix X more tightly to helix A. This is likely an important reason for the low flexibility of helix A and the reduced mobility of helix X in our simulations.
Surface hydrophobicity
Knowing the surface hydrophobicity of CETP is a key step for understanding the interactions of CETP with lipoproteins, which in turn helps reveal the mechanism behind CETP-mediated lipid transfer. Since exposure of hydrophobic residues to aqueous solution leads to an overall increased surface hydrophobicity, 33 the SASA measurement was used to characterize CETP surface hydrophobicity.
Throughout the simulations, the SASA of both hydrophobic and hydrophilic residues increased about 8%, demonstrating that the CETP surface is generally more exposed to solvent without overall changes in surface hydrophobicity. Residues with dramatic SASA changes (at least 20.7 Å 2 ) were identified and used to study detailed changes in surface hydrophobicity. Figure 6 shows that these residues are mainly in distal portions of b-barrel domains and rarely in the central domain especially the central region of concave surface. The SASA of most distal portion residues in the C-terminal b-barrel domain greatly increased, however the opposite occurred for distal portion of the N-terminal b-barrel domain.
The distal end of C-terminal b-barrel domain became more hydrophilic during the simulations. Although residues in flaps X1, X2, and X3 constitute about only 12% of all CETP residues, collectively their SASA increased $15.3% which contributed to $31% of the total SASA increase throughout the simulations. Many hydrophilic residues at this distal end, especially the ones in flap X1, were more exposed to solvent (Fig. 6 ). The SASA of Figure 5 Salt bridges in CETP. A: Spatial distribution of charged residues and salt bridges. Positively charged residues are drawn in blue and negatively charged residues are drawn in red. Among these charged residues, the ones forming stable salt bridges during the simulations are shown in space-filling model. B: Correlation of the salt bridges to the average C a RMSF from the three MD simulations. Positively and negatively charged residues forming stable salt bridges are marked with blue and red lines, respectively. C: Electrostatic interactions between the helix X and the helix A. The crystal structure (yellow) and a representative structure from the MD simulations (white) were aligned over the backbone atoms of helix A. Positively charged residues in the representative structure are colored blue while negatively charged ones and the deprotonated C-terminus (Ser476) are colored red. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 6 SASA changes of CETP during MD simulations. The top 10% residues with greatest SASA changes are shown in surface representation and colored cyan (SASA increase) or orange (SASA decrease). These residues are also displayed in stick models with the hydrophilic ones colored cyan and hydrophobic ones colored orange. The hydrophobic residues Ala48-Leu52, Trp105-Leu107, and Ile109 at the distal end of Nterminal b-barrel domain are highlighted in magenta. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. com.] nearly all of these hydrophilic residues increased at least 30%, which is significant compared to the total SASA increase. At the same time, hydrophobic residues Phe301, Ile307, and Phe408 between the flap X1 and the helix B 0 became more buried indicated by their decreased SASA. The increased exposure of hydrophilic residues and burying of hydrophobic residues together would increase the overall surface hydrophilicity of distal C-terminal b-barrel domain, especially in flap X1. Although Met288, Phe315, Pro353, and Pro391 are hydrophobic, their SASA increased leading to improved local hydrophobicity.
The overall surface hydrophobicity of the distal portion of N-terminal b-barrel domain is stable in solution. Only $7.7% of the total SASA increase was contributed by the distal end of N-terminal b-barrel domain which accounts for $20% of total residues. The SASA of hydrophobic residues Ile43, Leu51, Leu107, and Val178, and hydrophilic residues Gln155, Lys56, and Lys164 all decreased throughout the simulations (Fig. 6 ). The burying of hydrophobic and hydrophilic residues together should lead to local but not overall changes in surface hydrophobicity. Notably from the crystal structure, the hydrophobic residues Ala48-Leu52, Trp105-Leu107, and Ile109 at the distal end of N-terminal b-barrel domain are highly exposed to solvent with average SASA of $125.1 Å 2 . Unexpectedly, their total SASA decreased $4.9% during the simulations. However the neighboring hydrophobic residue Trp162, which is buried in the crystal structure, became partially exposed to solvent which greatly increased its SASA (Fig. 6) . Consequently, the distal end of N-terminal b-barrel domain remains hydrophobic in solution.
Cavities and pores in CETP
Along with the hydrophobic central cavity traversing the central b-sheet domain 9 we identified three small cavities (labeled as C1, C2, and C3) and a surface pore (labeled as P1) from the crystal structure [ Fig. 7(A) ]. These small cavities are all completely buried in the N-terminal b-barrel and the pore P1 is partially exposed to solvent. The central cavity, internal cavities C1, C2, C3, and surface pore P1 are all highly hydrophobic, with hydrophilic residues contributing to 12.9%, 0%, 6.09%, 0%, and 4.21% of their total SASA, respectively.
Throughout the simulations, the central cavity basically preserved its initial shape [ Fig. 7(B) ]. Cavities C1 and C2 were also rather stable, whose central parts showed existence probability higher than 70%. The existence probability of cavity C3 was low, with only a small part having an existence probability larger than 50%. All parts of pore P1 showed existence probability less than 50%, suggesting weak stability in solution. Interestingly, another surface pore (labeled as P2) was formed between the helix B 0 and the flap X3. Contrary to pore P1 and all cavities this new surface pore is relatively hydrophilic, with $46.1% SASA comprised of hydrophilic residues. Cavities and pores in CETP. A: The cavities and pore P1 in the crystal structure. B: The cavities and pores during the MD simulations. The cavities and pores with existence probabilities of 70%, 50%, 30%, and 10% during the last 5 ns MD simulations are all shown. C: The volume of cavities and pores as a function of time. D: Schematic illustration of the shrinkage of pore P1 and the formation of pore P2. The crystal structure (yellow) and a representative structure from the MD simulations (white) were aligned using the backbone atoms of the central portion of helix B 0 (Ala415-Thr430). The pore P1 in the crystal structure is shown in dark blue and the pore P2 (existence probability greater than 50%) is displayed in light blue. The water molecules in the representative structure nearby the pore P2 are shown as red ball-stick models. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
The stability of cavities and surface pores was further confirmed by measuring their volumes [ Fig. 7(C) Fig. 7(D) ]. After all the three MD simulations, the hydrophobic side chain of Phe301 rotated inward directly occupied the previous space of pore P1. Upon the rotation of the aromatic ring, Phe301 interacted with Phe308 and Phe408 via stacking interactions, which stabilized the resulting structure. Meanwhile, the hydrophilic side chain of Gln410 moved outward and was exposed to solvent [ Fig. 7(D) ], confirmed by its greatly increased SASA (Fig. 6) . Its movement opened up pore P2, allowing the entry of water molecules to stabilize this partly hydrophilic pore.
DISCUSSION
The structural flexibility of CETP in our simulations shows differences from those observed in crystallographic studies. The distal end of the N-terminal b-barrel domain was flexible in our simulations but not in the crystal structure. Additionally helix X, which was determined to be the most flexible segment of CETP by crystallography, 9 was less flexible than distal ends of b-barrel domains during our simulations. Also the observed flexibility of CETP in our MD simulations is consistent with NMA results and the uneven distribution of salt bridges. Salt bridges provide structural stability and are rarely located in the distal portions of b-barrel domains especially the N-terminal one. Finally, helix X and helix A were anchored more tightly by electrostatic interactions. We believe that the differences in CETP flexibility between crystallographic studies and in our simulations were mostly due to different environmental conditions. A previous MD simulation study showed that the distal end of N-terminal b-barrel domain is flexible when CETP is bound to liposome surface via its concave surface. 34 We can conclude that this distal end is intrinsically flexible and would remain flexible when CETP is bound to liposome.
Structural flexibility is essential for proper protein function. 28,29 Helix X and flap X1 are flexible under crystallization conditions and were suggested to facilitate lipid transfer. 9 Our MD simulations show that these domains are still flexible in solution. The distal end of the N-terminal b-barrel domain including flaps X4-X6 was flexible throughout our simulations. Additionally, the residues Ser376-Lys379 were among the top 30% of residues which had the highest C a RMSF in the simulations. Linker insertion mutations of human CETP at residues Ala48 (48A:EAS), Gly53 (53G:GVP), Glu165 (165Q:QGT), Ala373 (373A:D(RY) 2 RS), and Lys379 (379K:KGT) would markedly impair the CE transfer activity of CETP, suggesting the Ala48-Gly53 (in the flap X4), Gln165 (in the flap X6), and Ala373-Lys379 are functional regions likely responsible for lipid transfer. 35 Above results indicate a fairly close relationship between flexible domains and the lipid transfer ability of CETP. This high flexibility allows for large-scale conformational changes and may play a role in the dynamic process of CETP-mediated lipid transfer.
Based on the analysis of CETP crystal structure, CETP was proposed to bind to one lipoprotein at a time via its concave surface. 9 Potential conformational changes, such as the straightening of helix A and the bending of helix B around Ile190, have been suggested for CETP to accommodate lipoproteins of different sizes. 9 However the central domain of CETP including the helix A and Ile190 showed little flexibility during our simulations, making it difficult for CETP to efficiently adjust its curvature in solution to accommodate different-sized lipoproteins via the suggested conformational changes.
Our simulation results indicate that the distal portions of b-barrel domains are highly flexible, which permit the hypothesized large-scale conformational changes forming a continuous tunnel by connecting internal small cavities and central cavity. 13,14 The high flexibility of the distal ends of b-barrel domains also allow the proposed conformational changes at the distal ends of b-barrel domains which would open the continuous tunnel for entry and exit of CEs. 13 Furthermore, internal cavities in CETP were generally stable during our MD simulations, further indicating that they are not just an artifact of crystallization conditions. It should be noted that although the surface pore P1 is not stable, a surface pore (P2) of similar size would be formed nearby. These results all support the tunnel mechanism.
The tunnel mechanism involves the interactions between the distal ends of CETP b-barrel domains and lipoproteins. The previously published TEM study shows that to facilitate neutral lipid transfer CETP penetrates $50 Å into HDL with its N-terminal b-barrel domain, while penetrating LDL or VLDL only 20-25 Å through its distal C-terminal b-barrel domain. 13 As the outer phospholipid shell of lipoproteins is 18-27 Å thick, 13,36 CETP would penetrate into the surface and core of HDL but only into the surface of LDL or VLDL for binding. During our simulations the distal end of the C-terminal b-barrel domain became extended with overall hydrophilicity especially that of flap X1, increased. This improved hydrophilicity could assist the binding of the distal C-terminal domain to LDL or VLDL 13 through hydrophilic interactions. Meanwhile, the distal end of N-terminal b-barrel domain was rotated further counterclockwise and remained hydrophobic in the simulations. By maintaining its hydrophobicity the distal N-terminal domain can interact with hydrophobic domains, or even the hydrophobic core, in lipoproteins. This is consistent with the TEM study result that CETP penetrates into the HDL core with its distal N-terminal b-barrel domain. 13 This model explains why the replacement of hydrophobic Ala48 with charged residues (48A:DR(YR) 2 S and 48A:EAS) by linker insertion mutagenesis, located on the tip of N-terminal b-barrel domain, would partially or even completely impair the CE transfer activity of CETP. 35 According to the TEM density map of the HDL-CETP complex, CETP is attached to the HDL surface at a $458 angle and only its hydrophobic N-terminal distal end and adjacent b-sheet directly contact the hydrophobic core of HDL. 13 In the distal N-terminal b-sheet the positively and negatively charged residues are spatially distributed in pairs or groups [ Fig. 5(A) ]. When transferring from high dielectric solvent to low dielectric HDL core, the side chains of neighboring oppositely charged residues would come closer to each other and form salt bridges for greatly increased electrostatic attractions. Given that the favorable energy of salt bridge formation in the protein interior can pay off the energetic penalty of dehydration of charged residues, 37 penetrating of N-terminal domain into hydrophobic core would not be prohibited by too high energy barrier.
As the TEM result showed, CETP binds to different lipoproteins by different mechanisms, 13 suggesting that additional determinants should be involved in CETPlipoprotein binding aside from hydrophobic and hydrophilic properties. 36 The N-terminal domain has a tapered configuration while the C-terminal domain adopts a more globular configuration. Penetration by the C-terminal domain would result in higher lipoprotein surface tension than penetration by the alternative end of CETP, especially for HDL which has the smallest size. This conformational difference between the two distal domains is the likely cause for lipoprotein selectivity and why the N-terminal distal end penetrates much deeper than the C-terminal end. The chemical and physical properties of lipoproteins are additional potential determining factors for selective CETP binding, such as protein composition, surface curvature, surface tension, and surface charge. The binding of the CETP C-terminal domain to the LDL or VLDL surface can be modulated by lipoprotein surface charges and stabilized by the salt bridges between them. Furthermore, the charged head groups of phospholipids might be further apart due to increased lipoprotein surface curvature (e.g., HDL), 36 permitting CETP, especially the tapered N-terminal distal end, to deeply penetrate the lipoprotein.
The hydrophobic residue Trp162 at the distal end of N-terminal b-barrel domain is buried in the crystal structure but became partially exposed to solvent during our simulations. Considering Trp162 interacts with water when CETP is liposome-bound, 34 we can conclude that Trp162 is partially exposed to solution regardless of whether CETP is bound to the liposome.
The central cavity volume calculated by using Fpocket is larger than that estimated from CETP crystallography 9 with at least two possible reasons for this. First, as the central cavity is opened it is difficult to precisely define its boundary. In this article, the space occupied by not only CEs but also acyl chains of phospholipids was assigned to the central cavity. This should be the primary reason for the larger central cavity volume in our studies. Second, different methods were used to calculate the central cavity volume. Since the same method was employed to estimate the central cavity volume throughout this work, the conclusion that this cavity is stable would not be changed.
Since the mutation of Asn396 to Gln through oligonucleotide-directed mutagenesis would eliminate the potential N-linked glycosylation site at Asn396 but almost does not change the CE transfer activity of CETP, 38 the glycosylation at Asn396 was discarded in our MD simulations and we believe this treatment should not affect the simulation results. Due to the limitation of computational capability, in this study only three 8.5 ns NPT simulations were performed. Since multiple short trajectories are more efficient than a single long trajectory to sample conformational space, 39 especially considering the maintained stability of CETP during the last 5 ns NPT simulations and agreeing results from three replicate simulations, our conclusions should not be overturned by longer calculations. In particular, the high flexibility of distal ends of b-barrel domains, the reduced flexibility of helix X, and the partially exposure of Trp162 to aqueous phase which were observed in previously published longer MD simulations 34 were all captured by our shorter MD simulations. Although similar results were obtained the conclusions which can be reached in our simulations and in previous studies are different. In previous studies, CETP was simulated binding to a liposome. 34 Above observations can be explained by the intrinsic properties of CETP as well as the influences of liposome binding to CETP. As CETP is simulated in solution without liposome binding in this work, we can support that the observed flexibility and exposure of Trp162 to solvent are inherent features of CETP in solution and not the result of CETP-liposome interactions. Also in previous studies the observed high flexibility of distal ends were simply attributed to the nature of loop 34 while our simulation results indicated that salt bridge stabilization is an important and critical determinant of overall CETP flexibility. In our simulations, the formation of salt bridge Glu465-Lys29 reduced the flexibility of helix X. Contrarily, a lack of salt bridges [ Fig. 5(A) ] contributed to the flexibility of not only loops in distal ends but also other domains such as the b-sheet in distal ends of b-barrels, flap X2 including two short helices, and the terminuses of helix B 0 , and others [ Fig. 4(B) ]. In previous studies, the conformation of helix X was shown to rearrange and become buried inside the central cavity generating a hydrophobic pathway from the liposome surface to central cavity. 34 This observed conformational change in helix X is induced by the hydrophobic patch formed by liposome phospholipids. 34 In our simulation, helix X maintained its conformation and only its C-terminus showed significant displacement. As helix X is amphiphilic and anchored to helix A by salt bridge Glu465-Lys29 and electrostatic interaction between its C-terminus and Arg37, it is hard for helix X to move inside the hydrophobic central cavity or undergo other forms of large-scale displacements in solution. It is unexpected that helix X will open more in this study even after a longer simulation time.
In this work, we investigated the structural features of CETP in solution. The exact mechanism of neutral lipids entry and exit from the central cavity is essential to further elucidate the lipid transfer mechanism, whether through the central openings or distal ends of b-barrels. Additional research to determine how the entered neutral lipids may stabilize certain transient cavities and investigate the potential conformational changes of helix X and distal ends is required to understand lipid transfer. MD simulation studies of CETP, in the presence of additional phospholipids and CE molecules or in a more hydrophobic media, are urgently required.
CONCLUSION
In this article, we performed all-atom MD simulations to characterize the structural features of CETP in solution. The simulations show that distal ends of b-barrel domains are highly flexible, though the N-terminal one initially showed little flexibility through crystallographic studies. We found that salt bridges contribute to the rigidity of protein central domain and reduce the flexibility of helix X. During the simulations the distal Cterminal b-barrel domain became more extended and generated a new surface pore. This pore and all cavities in CETP are stable. These results demonstrate that the formation of a continuous tunnel within CETP by connecting cavities is permitted in solution, in which the highly flexible distal ends of b-barrel domains may facilitate the required conformational changes. This finding corroborates the tunnel mechanism for CETP-mediated lipid transfer. In this proposed lipid transfer process, distal ends of b-barrel domains, especially the N-terminal one which remains hydrophobic in solution, may mediate the binding of CETP to lipoproteins by hydrophobic and hydrophilic interactions.
